Study Design: Prospective cohort study.
Introduction
Degenerative lumbar scoliosis (DLS) represents a challenge for spine surgeons owing to the high complications rates of correction and fusion surgery. Therefore, it is reasonable to choose decompression alone when the primary DLS symptom is neurogenic claudication due to spinal canal stenosis. However, the surgical treatment of these conditions remains controversial. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] Various minimally invasive surgical (MIS) decompressions involving the use of microscopes and endoscopes have been developed to treat degenerative lumbar spine disease.
These techniques focus on the preservation of posterior elements such as the paraspinal muscles, supraspinatus and intraspinous ligaments, and intervertebral joints, for which favorable clinical outcomes have been reported in lumbar canal stenosis (LCS) patients. 2, 6, 7, 8, 10, 11, 14, 15 Because impairment of scoliosis or instability after decompression can be minimized by posterior element preservation, MIS decompression indications have expanded to lumbar disease, including DLS or degenerative lumbar spondylolisthesis (DS). However, no consensus has yet been reached regarding these indications.
Microsurgical bilateral decompression via a unilateral approach (MBDU) has been performed for numerous degenerative lumbar diseases, including DLS or DS, at our institution. 10, 14 The MIS decompression method was previously reported by McCulloch and Young for complete decompression on the contralateral side to treat degenerative lumbar spine disease ( Figure 1 ). 16 Although we achieved satisfactory results in several patients, we experienced some unfavorable postoperative outcomes that required revision postoperatively because of degenerative changes in the decompressed disc. Therefore, we examined the prevalence of patients requiring reoperation after MBDU, their clinical characteristics, and radiographic risk factors related to reoperation. This study evaluated the appropriateness of MBDU for lumbar disease, particularly focusing on the indication of MIS decompression alone for DLS or DS.
Methods
This study protocol was approved by the Institutional Review Board of Osaka City General Hospital. Written informed consent was obtained from the patients for the publication of current research and any accompanying images.
This was a prospective cohort study of 255 consecutive patients treated at a single institution from 2007 to 2011 who received surgical treatment (MBDU) for degenerative lumbar disease. The follow-up duration was 24.2 months (range ¼ 24-26). Clinical indications for MBDU were leg pain and/or leg numbness inducing intermittent claudication (rather than back pain), which were mainly derived from canal stenosis. The radiological indications were lumbar spinal stenosis, DLS with a Cobb's angle !10 or 20 , and DS with Meyerding grade 1 and posterior opening 5 during anterior flexion of the affected intervertebral level. Patients were divided into 3 groups according to their diagnosis: DLS (group A), DS (group B), or LCS (group C). Clinical outcomes were evaluated using the Japanese Orthopaedic Association (JOA) score, and the recovery was calculated using Hirabayashi's method. A patient-oriented evaluation of the health-related quality of life (HRQOL) scale was assessed using the visual analog scale (VAS) for low back pain, leg pain, and leg numbness (VAS ¼ 0-100), and Short Form-36 (SF-36). On SF-36, the Physical Component Summary (PCS), Mental Component Summary (MCS), and Physical Functioning Subscale (PF) were checked. 17 Slippage ratio was measured from lateral radiographs. The scoliosis angle was measured as the Cobb's angle of L1-5 from anteroposterior radiographs in the supine position. The clinical status and radiographic data were evaluated preoperatively and 2 years postoperatively. We compared the clinical outcomes and prevalence of cases that required reoperation among the groups. Additionally, we evaluated materials according to whether operation was required or not, and allocated cases into revision cases (group R) or nonrevision cases (group NR). We compared the clinical characteristics of 2 groups. Furthermore, we examined preoperative radiographic factors related to reoperation, including anteroposterior instability, scoliosis, lateral listhesis, scoliotic disc wedging, and radiographic instability from the supine position value to standing position value. Anteroposterior instability was defined as an anteroposterior translation of !3 mm between vertebral bodies on lateral lumbar spine radiographs. Scoliosis was defined as having a Cobb's angle !10 at L1-5, lateral listhesis was defined as a !3-mm distance between vertebral bodies, and scoliotic disc wedging was defined as wedging of !3 ( Figure 2 ). The instability of scoliosis, lateral listhesis, and scoliotic disc wedging were defined as !5 , !3 mm, and !3 of change from the supine to standing position values, respectively.
Statistical Analysis
Statistical correlations were examined using the MannWhitney U test, one-way analysis of variance (ANOVA), Pearson's w 2 test, and Fisher's exact test. All analyses were performed using JMP 7.0 software (SAS Institute, Inc, Cary, NC). P < .05 was considered statistically significant.
Results

Discontinuations and Baseline Characteristics
Of 255 patients, 48 were lost to follow-up; thus, 207 patients (309 discs; 88 women and 119 men; age range ¼ 40-86 years; mean age ¼ 70 years) were included (follow-up ratio ¼ 81.2%). Level of surgery was L2-3 in 19 discs; L3-4, 101 discs; L4-5, 181 discs; and L5-S1, 8 discs. Thirty-seven cases were diagnosed as DLS (group A), 51 as DS (group B), and 119 as LCS (group C). The Cobb's angle of scoliosis in group A was 13.8 (range ¼ 10 to 18 ). Patient demographics and preoperative clinical data are shown in Table 1 .
Revision Rate/Clinical Outcome According to Diagnostic Groups
None of the patients experienced any major complications, including pulmonary embolism, deep vein thrombosis, cardiovascular disease, and brain infarction. Two patients had superficial infection that resolved with conservative treatment. We did not experience neurological deterioration during surgeries. Until final follow-up, 13 cases needed reoperation at the same decompression level after MBDU (reoperation incidence, 6.3%; 14 discs, 4.5%). We performed a second fusion operation for all of these cases. The level required for reoperation was 1 in L2-3, 4 in L3-4, and 9 in L4-5. The most common site of reoperation in all groups was L4-5. The cause of reoperation was radicular pain in 6 cases due to intraforaminal stenosis by the impairment of scoliosis or scoliotic disc wedging; development of disc herniation, 3 cases; exacerbation of disc degeneration, 3 cases; and low back pain due to an intraspinal facet cyst, 1 case. The duration from the initial operation to reoperations for radicular pain due to intraforaminal stenosis was 6 (3-9) months and for disc herniation 6 (3-7) months. The duration for reoperation due to the exacerbation of disc degeneration or an intraspinal facet cyst was !14 months. Reoperation was performed in 3 cases from group A (8.1%), 2 cases from group B (3.9%), and 8 cases from group C (6.8%). Reoperation was most often required for cases in group A, though these frequencies did not significantly differ among the groups ( Table 2 ). In group A, postoperative foraminal stenosis was the major cause of reoperation, with foraminal stenosis at L4-5 (representative case; Figure 3 ). Reoperation at the other decompression levels was needed in 4 cases, all in group C. Among the 3 groups, there were no significant differences in the JOA score, VAS score, and each parameter of SF-36 at the preoperative baseline. The recovery ratios of the JOA score 2 years after the first operation was 54.9% in group A, 59.9% in group B, and 55.1% in group C, but they were insignificant. The trend was toward a smaller improvement on VAS scores for low back pain in group A (8.7 mm) compared with groups B (18.6 mm) and C (16.8 mm), but these differences were not statistically significant. The other decreases of VAS score (leg pain, leg numbness) and the postoperative increase of SF-36 points (PCS, MCS, and PF) was similar among the groups (Table 2) .
Clinical Characteristics of Patients That Required Reoperation After MBDU
Based on whether reoperation was required, 13 cases were allocated to group R and 194 to group NR. The JOA score of group R cases was 10.9 points preoperatively, which worsened to 9.3 points before the second operation and was 15.2 points at the final follow-up. Therefore, the recovery ratio of group R cases at the final follow-up was 24.4%, which was lower than that of cases without reoperation (58.4%; Figure 4) . In group R, VAS for low back pain at the final follow-up was significantly larger than preoperative VAS for low back pain. VAS for low back pain of group NR cases was mitigated at 2 years postoperatively, and these postoperative changes differed significantly between both groups. The postoperative changes in both groups of VAS for leg pain and numbness did not differ significantly ( Figure 5 ). Regarding SF-36, the PCS, MCS, and FP in group R deteriorated at the 2-year follow-up, particularly MCS score, which worsened from 47.1 points preoperatively to 31.5 points. Meanwhile, PCS, MCS, and PF in group NR improved at the final follow-up. These postoperative changes differed significantly between both groups ( Figure 6 ). 
Radiographic Risk Factors Related to Reoperation
In 309 discs, radiographic risk factors related to reoperation were evaluated. Lateral listhesis was significantly associated with reoperation (odds ratio ¼ 5.22). Nine L4-5 discs that needed reoperation were significantly associated with lateral listhesis and scoliotic disc wedging (odds ratios ¼ 9.88 and 12.6, respectively). Anteroposterior instability and scoliosis were not associated with reoperation (Table 3) . Four of the L3-4 discs that involved reoperations did not present radiographic risk factors significantly related to the second operation (data not shown).
Discussion
It has become increasingly important to perform more MIS. Decompression alone is less invasive than fusion surgery as a surgical treatment for patients with degenerative lumbar spine disease. However, there are concerns regarding postoperative scoliosis or instability when this approach alone is applied to treat degenerative lumbar spine disease associated with scoliosis and instability. Therefore, we investigated whether MBDU alone is appropriate for DLS or DS by examining patients who required reoperation after decompression. During discussions regarding decompression for DLS, numerous reports have not supported the use of decompression alone for DLS. 1, 3, 12 However, some articles have affirmed that decompression alone can improve DLS in certain cases. Aebi suggested that decompression may be performed in central or lateral stenosis cases, if symptoms are limited to the legs and back pain is not relevant; however, decompression procedures in deformities are rarely indicated. 1 Hansraj et al reported that decompression could be indicated for patients with typical stenosis and 20 of curvature. 5 Postacchini suggested that elderly scoliosis patients can be managed with decompression alone when scoliosis is mild and they have little or no back pain. 9 Furthermore, there has been very little discussion as to whether MIS decompression can improve DLS patients. Berven et al recommended the indication of a unilateralapproach MIS decompression for DLS patients, including a predominance of radicular pain without disabling axial pain, radicular symptoms on the convex side of the deformity, and an intact pars interarticularis and facet joint. 2 Hosogane et al treated DLS patients by MIS decompression by a midsplitting procedure, they and concluded that conducting spinal fixation to halt the progression of deformity is not always necessary if the patient's pathological condition derives mainly from canal stenosis. 6 Tsutsui et al reported that approximately 60% of DLS patients experienced relief of low back pain after endoscopic decompression alone, which was significantly associated with the degree of apical vertebral rotation on preoperative radiography. Fusion surgery should be recommended in patients with a higher degree of apical vertebral rotation.
11
Our result using MIS decompression indicated that postoperative clinical status and revision rate did not differ significantly among the 3 diagnostic groups; that is, the postoperative clinical conditions of DLS patients were equivalent to that of LCS patients after MBDU. Thus, MBDU alone could improve the condition of DLS patients. However, reoperation was most often required for DLS cases, though these frequencies did not significantly differ compared with LCS cases. At a longer follow-up, DLS patients can experience poor clinical status or reoperation. Brodke et al have reported that the revision rate in laminectomy alone for DLS is 8% at an average of 5-year follow-up and the rate is lowest in comparison with that of the fusion surgery or interspinous process spacer for DLS. 13 Here, the revision rate of the DLS group is similar to the Brodke's rate. MIS decompression can be expected to maintain clinical results and prevent the impairment of postoperative scoliosis for long periods due to good preserving posterior elements.
Moreover, MIS decompression is advantageous, particularly in adapting to the elderly patients because of less invasiveness. Thus, considering the appropriate indication for DLS, we recommend MIS decompression for DLS, particularly for elderly patients. Further studies with longer follow-up periods should be conducted to confirm if DLS patients that undergo MIS decompression maintain a good clinical condition.
Here the incidence of reoperation at the same decompression level was 6.3%, and the recovery ratio of JOA score at the final examination in patients who underwent reoperation was 24.4%; the clinical outcome/HRQOL score of group R was very poor. Particularly, postoperative VAS for low back pain deteriorated. Although some articles report that reoperation is equivalent to the primary surgery, 18 numerous studies have stated that reoperation adversely affects the postoperative clinical status. Radcliff et al investigated the clinical outcomes of patients who required reoperation after decompression surgery and the clinical outcomes of those requiring reoperation were unsatisfactory. 19 Scheer et al reported that in patients who underwent adult deformity surgery, reoperation adversely affected the mental recovery and overall satisfaction. 20 Similarly, the mental state of our patients who underwent reoperation was affected, as evaluated by the SF-36 MCS score. Although the frequency of reoperation was low after MIS decompression, reoperation should be avoided as much as possible.
Despite multiple studies on the incidence of reoperation, few comparative studies have established risk factors for reoperation after spinal stenosis surgery. In this study, reoperation was significantly associated with preoperative scoliotic disc wedging with a !3
Cobb's angle in L4-5 (odds ratio ¼ 9.88) and lateral listhesis (odds ratio ¼ 5. 22 [total], 12.9 [L4-5]). Numerous patients suffered from refractory radicular pain owing to foraminal stenosis caused postoperatively by scoliotic disc wedging and lateral listhesis after decompression. 21 To our knowledge, there has been little discussion regarding decompression for degenerative lumbar spine disease associated with scoliotic disc wedging and lateral listhesis among patients requiring reoperation. Kelleher et al evaluated 75 patients who underwent bilateral decompression via a unilateral approach and showed that the surgical outcomes and patient satisfaction were equivalent between those with and without mild deformity. However, scoliosis and lateral listhesis patients demonstrated a significantly higher revision rate than those with spondylolisthesis alone or no deformity. 7 Gupta reported that decompression alone can be indicated in patients with less than minor curves or minimal rotatory or lateral listhesis, but fusion surgery should be considered for patients with rotatory scoliosis or lateral listhesis !6 mm. 4 Our study affirms these conclusions. Discs with scoliotic wedging and lateral listhesis manifest asymmetrical degeneration (rotational facet joint incongruity). These radiographic factors are important predictors of degenerative scoliosis progression. 22, 23 This anatomical condition of the facet joint, which leads to postoperative asymmetrical or rotatory instability, is easily affected by operative damage. 8 The lumbar spine of DLS patients has the tendency to involve an asymmetric disc, including lateral listhesis and scoliotic wedging. Therefore, we should safeguard against indicating MIS decompression for lumbar degenerative disease, especially DLS with these radiographic factors.
Here MBDU for DS (case with anteroposterior instability) did not cause reoperation. During discussions involving the surgical indications for fusion surgery or decompression alone to treat DS, Gibson and Waddell performed a review based on articles reporting randomized controlled trials and quasi-randomized controlled trials and reported that there was little data supporting the treatment of DS with fusion surgery. 24 Meanwhile, Resnick et al recommended fusion and decompression to treat DS according to guidelines for treating DS. 25 However, the discussions in these articles compared conventional decompression (laminectomy or medial facetectomy) and fusion surgery, and there was no comparative investigation of MIS decompression and fused operation. Chang et al reported that MBDU was useful for treating DS during a prospective study lasting !5 years. 15 Here, there were few restenosis patients who suffered from anteroposterior instability (the frequency of revision was 3.9% in group B). MIS decompression minimizes the impairment by postoperative anteroposterior instability (DS). Some biomechanical studies advocated that MIS decompression could maintain postoperative spinal anteroposterior stability. 26, 27 Hasegawa et al performed mechanical studies and used frozen porcine functional spinal units to compare MIS decompression with conventional decompression (laminectomy, medial facetectomy) and reported that during MIS decompression, stability was maintained during flexion. 27 Thus, in taking precautions against indicating MIS decompression for cases with discs having the radiographic factors as aforementioned, we presume this can expand the surgical indications for MIS decompression to include DS.
Thus, radiographic factors for revision were elucidated. Decompression is contraindication for cases with the disc having scoliotic disc wedging and lateral listhesis especially in L4-5 discs, and therefore, surgeons should indicate fusion surgery. However, we did not verify whether fusion is appropriate compared with decompression for cases with risk factors. Further comparative studies are warranted to clarify which surgery is most appropriate for DLS or DS patients with the disc having the wedging and lateral listhesis.
Our study has numerous limitations. The spinal balance in the sagittal plane was not investigated. We cannot clarify the advantages of MIS decompression for severe scoliosis and DS cases because our patients' scoliosis and listhesis is mild. Additionally, even minimally invasive fusion surgeries, such as minimally invasive spine stabilization and minimally invasive lateral lumbar interbody fusion, are becoming more widespread. Furthermore, during the discussion of surgical options for degenerative lumbar spine disease treatment, it will be essential to perform a prospective and comparative investigation; this should deal with MIS decompression versus minimally invasive fusion surgery to treat degenerative lumbar disease. However, our results could provide valuable data for further studies on the effect of MIS decompression on DLS or DS patients. Future prospective studies on the indication of MIS decompression should be conducted considering a wide variety of factors.
Conclusions
The clinical outcome/HRQOL score and revision rate of DLS patients were equivalent to that of LCS patients after MIS decompression, which implied that MIS decompression alone could improve the condition of DLS patients if the patient's pathological conditions derived mainly from canal stenosis. Our result for DS was similar to that of LCS. However, out of 207 patients, 13 patients (6.3%) underwent reoperation at the same decompression level after MBDU, and the clinical outcome/HRQOL score of the revision cases was poor. Patients with scoliotic disc wedging in L4-5 and lateral listhesis had a significantly higher revision rate. When we are careful to indicate decompression for patients with these risk factors related to reoperation, MIS decompression alone can successfully improve mild DLS patients with a Cobb's angle of 20 or DS patients. Thus, these conditions should be considered during the operative decision making for DLS or DS treatment. Further discussion is needed in the future regarding the establishment of definite indications of MIS decompression for several lumbar diseases.
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